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Summary
Pheromones can have profound effects on reproduc-
tive physiology and behavior in mammals. To investi-
gate the neural circuits underlying these effects,
we used a genetic transneuronal tracer to identify
neurons that synapse with GnRH (LHRH) neurons,
the key regulators of reproduction. We then asked
whether the connected neurons are presynaptic or
postsynaptic to GnRH neurons and analyzed their re-
sponses to chemosensory cues. Surprisingly, these
experiments indicate that GnRH neurons receive
pheromone signals from both odor and pheromone
relays in the brain and may also receive common
odor signals. Moreover, feedback loops are evident
whereby GnRH neurons could influence both odor
and pheromone processing. Remarkably, w800 GnRH
neurons communicate with w50,000 neurons in 53
functionally diverse brain areas, with some connec-
tions exhibiting sexual dimorphism. These studies re-
veal a complex interplay between reproduction and
other functions in which GnRH neurons appear to in-
tegrate information from multiple sources and modu-
late a variety of brain functions.
Introduction
The olfactory system plays an important role in repro-
ductive physiology and behavior in most mammals. In
rodents, pheromones detected by the olfactory system
can stimulate male and female sexual behaviors as well
as influence the level of reproductive hormones (Wy-
socki and Lepri, 1991; Meredith, 1998; Halpern and
Martinez-Marcos, 2003; Novotny, 2003). These effects
are thought to result primarily from the flow of phero-
mone signals through the vomeronasal (“accessory ol-
factory”) pathway, which initiates in the vomeronasal
organ (VNO) in the nasal septum (Wysocki and Lepri,
1991; Meredith, 1998; Keverne, 1999; Dulac and Torello,
2003). This pathway runs parallel to the main olfactory
pathway, which carries odor signals generated in the
nasal olfactory epithelium (OE). Via these separate path-
ways, signals derived from the VNO and OE are ultimately
targeted to different brain areas (Buck, 2000; Kandel et
al., 2000; Halpern and Martinez-Marcos, 2003).
The effects of pheromones on neuroendocrine status
are mediated by GnRH neurons, a small subset of*Correspondence: lbuck@fhcrc.org
1Present address: Center for Molecular Neurobiology, Institute for
Neural Signal Transduction, Falkenried 94, 20251 Hamburg,
Germany.w800 neurons that are found scattered in the anterior
hypothalamus and adjacent areas (Silverman et al., 1994;
Meredith, 1998; Gore, 2002). These neurons secrete go-
nadotropin-releasing hormone (GnRH, also known as
luteinizing hormone-releasing hormone [LHRH]), a de-
capeptide that stimulates the release of gonadotropins
(luteinizing hormone [LH] and follicle-stimulating hor-
mone [FSH]) from the pituitary. The gonadotropins act
on the gonads, regulating puberty onset, gametogene-
sis, and estrus cycling. Brain injections of GnRH can
stimulate sexual behaviors in both male and female ro-
dents, suggesting that GnRH neurons also participate
in neural circuits that control these behaviors (Meisel
and Sachs, 1994; Pfaff et al., 1994; Gore, 2002). Consis-
tent with the idea that GnRH neurons have additional
roles, GnRH neurons project axons not only to the me-
dian eminence at the base of the hypothalamus, where
GnRH peptide is released, but also to other brain areas
(Silverman et al., 1994).
The fact that GnRH neurons are the master regulators
of reproductive endocrine status indicates that phero-
mone effects on reproductive hormone levels are ulti-
mately mediated by these neurons. Indications that
GnRH peptide plays an important role in the control of
sexual behaviors suggest that pheromone effects on
these behaviors might also involve GnRH neurons. Cer-
tain brain areas, including ones that carry vomeronasal
inputs (Simerly, 2002), have been shown to project ax-
ons to the anterior hypothalamus, raising the possibility
that they synapse on GnRH neurons. However, in addi-
tion to being highly dispersed, GnRH neurons consti-
tute only a minute fraction of the neurons in this region.
Thus, it has not been possible to determine with con-
ventional methods how pheromone signals or other sig-
nals impact GnRH neurons and thereby alter neuroen-
docrine status and possibly behavior.
To investigate the mechanisms underlying phero-
mone effects on reproductive physiology and behavior,
we expressed a transneuronal tracer in GnRH neurons
in transgenic mice. This permitted the identification of
brain areas that have direct connections with GnRH
neurons as well as the definition of specific subsets of
neurons within those areas that synapse with GnRH
neurons. By comparing the locations of those neurons
with the locations of GnRH axons, it was further pos-
sible to predict whether the connected neurons trans-
mit signals to GnRH neurons or receive signals from
them. These studies, together with studies of neuronal
activation by pheromones, strongly suggest that GnRH
neurons receive pheromone signals from subsets of
neurons located in both odor- and pheromone-process-
ing areas. Moreover, it appears that they can receive
information about common odorants. Interestingly,
GnRH neurons have bidirectional contacts with both
odor- and pheromone-relay areas, implying that they
can modulate the processing and transmission of both
odor and pheromone signals. These studies also reveal
contacts between GnRH neurons and numerous other
brain areas with diverse functions and define subsets
of neurons within those areas that are likely to be pre-
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684synaptic or postsynaptic to GnRH neurons. Among
these are several areas associated with sexual behavior
whose connections with GnRH neurons exhibit sexual
dimorphism. These findings indicate that GnRH neu-
rons are likely to integrate information from multiple
sources and, in turn, have an impact on numerous
brain functions.
Results
Mice Expressing a Genetic Tracer in GnRH Neurons
We first prepared transgenic mice in which the pro-
moter of the Gnrh1 gene controls the expression of two
proteins: barley lectin (BL), a transneuronal tracer, and
green fluorescent protein (GFP; see Experimental Pro-
cedures; Figure 1A). An IRES sequence separated the
two coding regions, permitting independent translation
of the two proteins. When expressed in neurons, BL
travels retrogradely to upstream (presynaptic) neurons
as well as anterogradely to downstream (postsynaptic)
neurons (Horowitz et al., 1999; Zou et al., 2001), but
GFP remains in the neurons that express it (Figure 1B).
Of four transgenic founder mice, two bore offspring.
Immunostaining of brain sections showed that one line,
BL-IRES-GFP #16 (“BIG”), had patterns of BL and GFP
labeling consistent with exclusive expression of the
transgene in GnRH neurons. First, sparse BL+ neurons
were seen in the preoptic area of the anterior hypothal-
amus and adjacent areas, and numerous BL+ fibers
converged on the median eminence, similar to the la-
beling patterning obtained with anti-GnRH antibodies
in these and previous studies (Figure 2A; Silverman et
al., 1994; Spergel et al., 1999; Suter et al., 2000). Sec-
ond, double and triple immunofluorescence staining
showed coexpression of BL and GFP in GnRH neurons
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vFigure 1. Strategy
(A) In the BIG transgene, the promoter of the mouse GnrhL gene is
fused to a BL coding region, an IRES, and a GFP coding sequence.
The IRES permits independent translation of BL and GFP proteins
from the resulting bicistronic mRNA.
(B) In mice selectively expressing the transgene in GnRH neurons,
GFP will be confined to GnRH neurons, but BL will be transneu-
ronally transferred to upstream (presynaptic) neurons that transmit
signals to GnRH neurons as well as downstream (postsynaptic)
neurons that receive signals from GnRH neurons. Postsynaptic, but
not presynaptic, neurons will have GnRH+ axons in their vicinity.
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aFigure 2B). Third, immunostaining of sections spanning
he brains of BIG mice showed GFP+ cells only in areas
ontaining GnRH neurons, and all GFP+ neurons were
nRH+. And finally, in situ hybridization experiments
sing a BL cRNA probe on sections throughout the
rains of BIG mice showed expression of the transgene
n only a small number of cells confined to areas that
ontain GnRH neurons (Figure 2C). In individual male
nd female BIG mice, we counted w600 GnRH+ neu-
ons (w75% of the w800 GnRH neurons; Wray et al.,
989), each of which was also GFP+, and similar results
ere obtained in other BIG mice in which large num-
ers of GnRH+ neurons were examined. These experi-
ents indicated that the transgene is expressed exclu-
ively in GnRH neurons in BIG mice, and that most or
ll GnRH neurons express the transgene.
efinition of GnRH Neural Circuits
e next analyzed the locations of BL+ neurons and
nRH+ axonal fibers in four male and four female BIG
ice. Antibodies against BL and GnRH were used to
mmunostain adjacent 14 m coronal sections at 70 m
ntervals throughout the brain (excluding the olfactory
ulb at the anterior end). Labeled cells and fibers were
ssigned to specific brain areas using a mouse brain
tlas (Franklin and Paxinos, 1997). Figure 3 shows
reas that contained BL+ neurons at intervals of w120–
40 m corresponding to consecutive figures in the at-
as. No BL+ neurons were detected in nontransgenic
ittermates. The number of BL+ neurons in each brain
rea was subsequently determined for three males and
hree females by counting the numbers in individual la-
eled sections through that area (see below; Table 1).
BL+ neurons were detected in numerous brain areas
n BIG mice (Figure 3). Some of these areas were devoid
f GnRH+ fibers, suggesting that the resident BL+ neu-
ons were presynaptic to GnRH neurons. Other areas
ontained both BL+ neurons and GnRH+ fibers, sug-
esting that at least some of the BL+ neurons in those
reas were postsynaptic to GnRH neurons, although
thers could be presynaptic to, or have bidirectional
ontact with, GnRH neurons. We tentatively considered
L+ neurons located more than 250 m away from
nRH+ axons in a given area to be presynaptic to
nRH neurons.
Several findings indicate that the BL+ neurons in BIG
ice synapse directly with GnRH neurons. First, no BL+
elay neurons were seen in the olfactory bulb even
hough these neurons synapse in areas of the amyg-
ala (ACO and MEA) that contained both BL+ neurons
nd GnRH+ fibers suggestive of synaptic input to the
L+ neurons. Second, numerous BL+ neurons were
een in the ventral premammillary nucleus (PMV), but
one were detected in the dorsal premammillary nu-
leus (PMD), with which it is heavily interconnected. Fi-
ally, our previous studies indicate that only a small
roportion of the BL expressed in a neuron is transfer-
ed to its synaptic partners. This dilution effect is em-
hasized by studies in which we coexpressed BL with
single odorant receptor gene (Zou et al., 2001). Even
hough BL was highly expressed in neurons expressing
he receptor gene and thousands of those neurons con-
erge on only w50 olfactory bulb relay neurons, BL was
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685Figure 2. Exclusive Expression of the Trans-
gene in GnRH Neurons
(A) In coronal sections of the preoptic area
(POA) of BIG mice, antibodies against BL and
GnRH labeled a similar pattern of cell bodies
(red arrowheads) and axonal fibers. Scale
bar, 100 m.
(B) GnRH neurons express both BL and GFP.
Triple immunofluorescence analysis shows a
single neuron stained for GnRH (blue), BL
(green), and GFP (red). Cell nuclei in the field
are stained by DAPI (gray). Scale bar, 10 m.
(C) The transgene is expressed only in GnRH
neurons, but BL is detected in other neurons
as well. Antibodies against BL (anti-BL) la-
beled cells in the POA, MPO, and VMH
(right). In contrast, a BL cRNA probe (in situ)
hybridized to neurons in the POA, but not
cells in the MPO or VMH (left). Scale bar,
100 m.
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686Figure 3. Locations of GnRH Neurons, GnRH+ Axons, and BL+ Neurons in BIG Mice
The locations of GnRH neurons (blue), GnRH axons (green), and BL+ neurons (red) in different anatomical areas along the anterior-posterior
axis of the brain. Data acquired from coronal sections at 70 m intervals were condensed to match brain intervals #12–93 in a mouse brain
atlas (Franklin and Paxinos, 1997), as indicated at the top and bottom. Rows of boxes show the anterior-posterior extents of individual brain
areas, with each box corresponding to one figure representing an anatomical interval of w120–140 m in the atlas. Only brain areas that
contained BL+ neurons are shown. BL+ neurons in areas without GnRH+ fibers are presumably presynaptic to GnRH neurons, while those in
regions with GnRH+ axons could be either presynaptic or postsynaptic.
Abbreviations: AAD, anterior amygdaloid area, dorsal part; ACBC, accumbens nucleus, core; ACBSH, accumbens nucleus, shell; ACO, anterior
cortical amygdaloid nucleus; AHA, AHC, and AHP, anterior hypothalamic area, anterior, central, and posterior part; AHiPM, amydalohippocam-
pal area, postmedial part; AM, anteromedial thalamus nucleus; AON, anterior olfactory nucleus; APC, anterior piriform cortex; APir, amygda-
lopiriform transitional area; AVPe, anteroventral periventricular nucleus; ARC, arcuate hypothalamus nucleus; BMA, basomedial amygdaloid
nucleus, anterior part; BSTLV, BSTMA, BSTMPL, BSTMPM, BSTMV, and BSTS, bed nucleus of the stria terminalis, lateral-ventral, medial-
anterior, medial-posterolateral, medial-posteromedial, medial-ventral, and supracapsular part; DEN, VEN, dorsal endopiriform nucleus, ventral
endopiriform nucleus; DM, dorsomedial hypothalamus nucleus; EW, Edinger-Westphal nucleus; Gi, gigantocellular reticular nucleus; HDB,
nucleus of the horizontal limb of the diagonal band; LA, lateroanterior hypothalamic nucleus; LENT, lateral entorhinal cortex; LH, lateral
hypothalamic area; LPO, lateral preoptic area; LSV, lateral septal nucleus, ventral part; MCLH, magnocellular nucleus of the lateral hypothala-
mus; MCPO, magnocellular preoptic nucleus; MeAD, MeAV, medial amygdaloid nucleus, anterior dorsal, anterior ventral part; MePD, MePV,
medial amygdaloid nucleus, posterior dorsal, posterior ventral part; MNPO, median preoptic nucleus; MPA, medial preoptic area; MPN,
medial preoptic nucleus; MS, medial septal nucleus; MTU, medial tuberal nucleus; MVeMC, MVePC, medial vestibular nucleus, magnocellular,
parvicellular part; OVLT, vascular organ of the lamina terminalis; PH, posterior hypothalamic area; PMCo, posteromedial cortical amygdaloid
nucleus; PMV, premammilary nucleus, ventral part; PnC, PnO, pontine reticular nucleus, caudal, oral part; PPC, posterior piriform cortex; PVA,
paraventricular thalamus nucleus, anterior part; RE, reunions thalamus nucleus; SCN, suprachiasmatic nucleus; Sp5I, Sp5O, spinal trigeminal
nucleus, interpolar, oral part; TT, tenia tecta; VDB, nucleus of the vertical limb of the diagonal band; VLPO, ventrolateral preoptic nucleus;
VMH, ventromedial hypothalamic nucleus; VP, ventral pallidum.
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Table 1. Numbers of BL+ Cells in Different Brain AreasBL+ Cells per Area (1/5 Sections) Mean (1/5 Sections) Mean per Hemisphere
#1 F #2 F #3 F #4 M #5 M #6 M Female Male Female Male
Pheromonal
MEA MEAD/V 235 245 265 271w 325 330 248 ± 9 309 ± 19 620 ± 12 773 ± 48
*MEPD 275 255 383 305 285 385 304 ± 40 325 ± 31 760 ± 100 813 ± 78
MEPV 330 200w 342 300w — 300 291 ± 46 300 728 ± 115 750
^PMCO 28 35 32 32 34 24 32 ± 2 30 ± 3 80 ± 5 75 ± 8
BSTMPM 140w 185 195 410 350w 375 173 ± 17 378 ± 17 433 ± 43 945 ± 43
Olfactory
^TT 19 20 20 19 15 20 20 ± 0 18 ± 2 50 ± 0 45 ± 5
AON 22 27 26 26 29 24 25 ± 2 26 ± 1 63 ± 5 65 ± 3
^DEN/VEN 57 59 52 46 64 49 56 ± 2 53 ± 6 140 ± 5 133 ± 15
$APC 52 35w 59 64 40w — 49 ± 7 52 123 ± 18 130
^PPC 48 47 48 35 43w 35w 48 ± 0 38 ± 3 120 ± 0 95 ± 8
ACO 760 753 805 750 750 797 773 ± 16 766 ± 16 1933 ± 40 1915 ± 40
^APIR 78 56 59 55 — 61 64 ± 7 58 ± 3 160 ± 18 145 ± 8
^LENT 33 42 37 40 29 36 37 ± 3 35 ± 3 93 ± 8 88 ± 8
Mixed Sensory
BSTMA 132 — 136 143 133 120 134 132 ± 7 335 330 ± 8
^BSTLV 47 — 64 88 — 66 56 77 140 193
BSTMV 96 — 100 90 75 105 98 90 ± 9 245 225 ± 23
^BSTS 59 37 58 36 34 — 51 ± 7 35 128 ± 18 88
Hypothalamus
MPA 396 — 352 346 349 — 374 348 935 870
OVLT 37 — 24 25 — 33 31 29 78 73
LPO 240 — 250 235 255 230 245 240 ± 8 613 600 ± 20
MNPO 55 — 64 52 50 — 60 51 150 128
AVPE 36 — 25 37 47 34 31 39 ± 4 78 98 ± 10
$MCPO 35 31 33 — — 23w 33 ± 1 (23) 83 ± 3 (58)
^VLPO 33 27 — 33 41 39 30 38 ± 2 75 95 ± 5
*MPN 465 330 385 730w 805 820 393 ± 39 785 ± 28 983 ± 98 1963 ± 70
$AHA/C/P 565 465 595 525 520 550 542 ± 39 532 ± 9 1355 ± 98 1330 ± 23
LA 110 115 125 130 115 120 117 ± 4 121 ± 4 293 ± 10 303 ± 10
LH/MCLH 820 680w 845 777 825 745 782 ± 51 782 ± 23 1955 ± 128 1955 ± 58
^VMH *VMHvl 235 185w 210 155w 175 130w 210 ± 14 153 ± 13 525 ± 35 383 ± 33
VMHc 80 50w 70 2w 6 12 67 ± 9 7 ± 3 168 ± 23 18 ± 8
VMHdm 227 140w 190 8 16 9 186 ± 25 11 ± 3 465 ± 63 28 ± 8
^MTU 29 29 30 31 29 40 29 ± 0 33 ± 3 73 ± 0 83 ± 8
ARC 256 — 292 317 342 336 274 332 ± 11 685 830 ± 28
DM 167 120w 160 145 163 150 149 ± 15 153 ± 25 373 ± 38 383 ± 63
PH 165 — 128 134 153 171 147 153 ± 11 368 383 ± 28
*^PMV 300 — 250 455 545 490 275 497 ± 26 688 1243 ± 65
Septum/Pallidum
$VP 349 — 318 283 299 267 334 283 ± 9 835 708 ± 23
$MS 220 — 182 170 177 — 201 174 503 435
LSV 135 — 105 90 113 90 120 98 ± 8 300 245 ± 20
Nucleus Accumbens
ACBC 29 — 30 32 28 41 30 34 ± 4 75 85 ± 10
$ACBSH 30 — 23 23 22 28 27 24 ± 2 68 60 ± 5
Diagonal Band
VDB 320 — 245 260 255 225 283 247 ± 11 708 618 ± 28
HDB 290 — 270 268 284 260 280 271 ± 7 700 678 ± 18
Amygdala
^AAD 90 98 120 97 — 85 103 ± 9 91 258 ± 23 228
AHIPM 102 111 97 87 — 86 103 ± 4 87 258 ± 10 218
^BMA 305 280 360 300 — 295 315 ± 24 298 788 ± 60 745
Thalamus
$PVA 845 695w 805 755 825 700w 782 ± 45 760 ± 36 1955 ± 113 1900 ± 90
RE 675 500w 635 515 675 634 603 ± 53 608 ± 48 150 ± 1338 1520 ± 120
AM 175 — 190 150 235 150 183 178 ± 28 458 445 ± 70
Pons/Reticular
^EW — — 86 78 92 79 (86) 83 ± 5 (215) 208 ± 13
^PNO/PNC 252 — 231 278 — 258 242 268 605 670
^Gi 169 — 131 153 — 138 150 146 375 365
^MVeMC/MVePC 129 — 99 93 100 114 97 285 243
^Sp5O/Sp5I 76 69 63 72 — 41w 69 ± 4 57 173 ± 10 143
Total per Hemisphere w24,803 w27,146
Upstream per Hemisphere w5,604 w5,314
Number of BL+ neurons counted in every fifth section through different brain areas (left) in three female (#1–3) and three male (#4–6) mice. Mean numbers
counted in female (F) and male (M) are shown ± SEM if data came from three brains and in parentheses if only from one. These numbers were multiplied
by 2.5 to give estimates of the total number of BL+ cells per area in each hemisphere (far right). ^, Areas that lack GnRH+ axons. $, areas that had some
BL+ neurons near GnRH+ fibers and others >250 m away from GnRH+ fibers. w, number counted is likely to be underestimate due to technical variations.
Asterisks indicate areas implicated in sexual behavior and mean values for those that exhibit sexual dimorphism in BL labeling are italicized.
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688barely detectable in the synaptic partners of the bulb
relay neurons in the olfactory cortex. It is also highly
unlikely that the BL labeling seen in BIG mice is due to
the leakage of BL from the axons of GnRH neurons,
since many areas that contained GnRH axons did not
contain BL+ neurons, presumably because those axons
were en route to target neurons in other areas.
Feedback Loops between Pheromone
Relays and GnRH Neurons
Pheromones are thought to be detected predominantly
by the accessory olfactory (“vomeronasal”) system. In
this system, signals generated in the VNO are relayed
through the accessory olfactory bulb (AOB) to two
areas of the amygdala that are together called the
“vomeronasal amygdala,” the MEA (medial amygdala)
and PMCO (posterocortical amygdalar nucleus). From
there, signals are relayed to the hypothalamus both di-
rectly and indirectly via the BSTMPM, an area that also
receives a minor input from the AOB (Dong et al., 2001).
BL+ neurons were seen in both the MEA and PMCO,
as well as in the BSTMPM (Figures 3, 4A, and 4B). In
each area, only a subset of neurons was BL+, with the
numbers of BL+ neurons in the three areas totaling
about 2200, 80, and 400–900, respectively (Table 1). The
PMCO was devoid of GnRH+ fibers, suggesting that
BL+ neurons in this area were presynaptic to GnRH
neurons (Figure 4A). In the MEA (Figures 4B and 4C)
and BSTMPM, GnRH+ fibers were seen in the vicinity
of some BL+ neurons, but not others, suggesting that
some of the resident BL+ neurons were postsynaptic to
GnRH neurons and others presynaptic. These results
define subsets of neurons that are likely to transmit
VNO-derived pheromone signals to GnRH neurons.
They also imply that GnRH neurons transmit signals to
some neurons that process pheromone signals.
We next examined whether BL+ neurons in the MEA
and PMCO can be stimulated by pheromones that alter
reproductive neuroendocrine status. Female mice were
exposed to α-farnesene, a pheromone in male mouse
urine that induces estrus in group-housed females (Ma
et al., 1999) or to the pheromone diluent DMSO (con-
trol). Males were exposed to clean bedding (control) or
to female-soiled bedding, which induces a serum LH
surge believed to result from the release of GnRH in
response to female urinary pheromones (Maruniak and
Bronson, 1976; Coquelin and Bronson, 1980; Coquelin
et al., 1984). We then used double immunofluorescence
to determine whether BL+ neurons were induced to ex-
press c-Fos, a marker of neuronal activity (West et al.,
2001).
BL+/c-Fos+ double-labeled neurons were seen in
both the MEA and PMCO (Figures 5A–5D). In the MEA,
numerous c-Fos+ cells were seen in females exposed
to α-farnesene (w300 cells), but not DMSO (w5 cells),
and many more c-Fos+ were seen in males exposed to
female-soiled bedding (w1350 cells) than clean bed-
ding (w150 cells). In the MEA of pheromone-exposed
animals, many but not all of the c-Fos+ cells were BL+
(w50% in females and w30% in males) and only some
of the BL+ neurons were c-Fos+ (w10% in females and
w15% in males, based on the average numbers of BL+
neurons shown in Table 1). In the PMCO, no c-Fos+
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one-Relay Neurons
mmunostained brain sections from BIG mice show BL+ neurons in
wo areas that process pheromone signals (MePD [MEA] and
MCO; A and B) and two that process odor signals (PPC and ACO;
and E) (higher magnifications of boxed areas are seen on the
ight). The PMCO and PPC were devoid of GnRH+ fibers, whereas
he MePD and ACO both contained GnRH+ fibers near some BL+
eurons, as shown in adjacent sections stained for GnRH (C and
). In the ACO (E and F), BL+ neurons were located in layers II and
II, while GnRH+ fibers were located in layer I, where the dendrites
f layer II and III neurons receive synaptic input from the olfactory
ulb. Scale bars, 100 m.
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689Figure 5. Pheromone Activation of BL+ Neurons in Pheromone and
Odor Relays
Double immunofluorescence for BL (green) and c-Fos (red) in sec-
tions through the medial amygdala (A and B), PMCO (C and D), and
ACO (E and F) of female mice exposed to α-farnesene (A and E)
and male mice exposed to female soiled bedding (B–D and F). c-Fos
is concentrated in the nucleus while BL is seen in the cytoplasm, but
some c-Fos and BL signals overlap (yellow) (arrowheads indicate
some) in these merged images. The BL signal for (C) is shown
above in (D). Scale bars, 10 m.cells were seen in the female mice, but males exposed
to female-soiled bedding had w65 c-Fos+ neurons in
this area, about 15% of which were BL+. In contrast,
clean bedding induced c-Fos in only w15 PMCO neu-
rons, none of which were BL+.
These results confirm that subsets of BL+ neurons in
the MEA and PMCO are involved in pheromone signal
processing. Given the relative locations of BL+ neurons
and GnRH+ fibers, the double-labeled neurons in the
PMCO are likely to transmit signals to GnRH neurons,
while those in the MEA may be either presynaptic or
postsynaptic to GnRH neurons.
Bidirectional Communication between GnRH
Neurons and Odor Relays
In the main olfactory system, odor signals derived from
the OE are relayed through the main olfactory bulb
(MOB) to the olfactory cortex, which is composed of
multiple distinct areas that transmit information to other
brain areas (Shipley et al., 1995).
Surprisingly, BL+ neurons were found in several areas
of the olfactory cortex. These included the two areas of
the piriform cortex (APC and PPC; Figure 4D) and the
anterior cortical nucleus of the amygdala (ACO; “olfac-
tory amygdala”; Figure 4E). BL+ neurons were also seen
in two areas downstream of olfactory cortical areas, the
endopiriform nucleus (D/EN and V/EN), which receives
input from the overlying piriform cortex, and the ba-
somedial amygdala nucleus (BMA), which receives sig-nals from the ACO. In each area, only a subset of neu-
rons was BL labeled, indicating that only some of the
neurons in each area communicate with GnRH neurons
(Figures 4D and 4E; Table 1). For example, the ACO
contained w1900 BL+ neurons, many of which were
clustered together at the same location, while the APC
and PPC each contained only w100–130 BL+ neurons,
which were mostly scattered. These results indicate
that there are direct synaptic contacts between GnRH
neurons and subpopulations of neurons in several brain
areas responsible for the relay of odor signals gener-
ated in the OE.
No GnRH+ fibers were found in the PPC, EN, or BMA,
suggesting that the BL+ neurons in these areas are ex-
clusively presynaptic to GnRH neurons. However, the
ACO (Figures 4E and 4F) and APC both contained
GnRH+ fibers in close proximity to some BL+ neurons,
but not others, suggesting that these areas have bidi-
rectional, or “feedback,” communication with GnRH
neurons. From these results, it appears that odor-relay
areas can transmit signals to GnRH neurons and, con-
versely, GnRH neurons can transmit signals to odor-
relay areas.
Examination of mice exposed to pheromones (see
previous section) revealed that some BL+ neurons in
these olfactory areas are stimulated by pheromones.
The ACO contained many c-Fos+ neurons in females
exposed to α-farnesene (w220 cells), but not DMSO
(w5 cells), and many more c-Fos+ neurons in males ex-
posed to female-soiled bedding (w1750 cells) than
clean bedding (w250 cells). In pheromone-exposed an-
imals, many but not all of the c-Fos+ neurons were BL+
(w35% in both males and females), and only some of
the BL+ neurons were c-Fos+ (w20% in females and
w30% in males; Figures 5E and 5F).
We observed c-Fos+/BL+ neurons in the EN (V/EN) in
pheromone-exposed males, but not females. However,
in this area, the number of c-Fos+ neurons was small,
and female-soiled bedding and clean bedding gave
similar results. After exposure to female-soiled bed-
ding, the V/EN contained w30 c-Fos+ cells, w40% of
which were BL+, and after exposure to clean bedding,
it contained w25 c-Fos+ neurons, w20% of which
were BL+.
These results indicate that pheromone signals can be
generated in the OE and then relayed to GnRH neurons
via the olfactory cortex, both directly (ACO) and
through a downstream area (V/EN). They further sug-
gest that GnRH neurons can receive information about
common odorants in clean bedding from at least one
of these areas (V/EN). In addition, GnRH neurons ap-
pear to innervate the olfactory cortex, suggesting that
they can modulate the processing of odor or phero-
mone signals in this structure.
Direct Contacts Link GnRH Neurons
to Sexual Behavior
BL+ neurons were also seen in several different brain
areas that have been implicated in sexual behaviors
(Simerly, 2002). These include two brain areas that pro-
cess pheromone signals, the MEA and BSTMPM (see
above), and three different areas of the hypothalamus:
(1) the VMHvl (ventrolateral part of the ventromedial hy-
Cell
690pothalamic nucleus), which is associated with female
sexual posturing (lordosis); (2) the MPN (medial preop-
tic nucleus), which is involved in male sexual behaviors
(mounting, intromission frequencies, ejaculation lat-
ency); and (3) the PMV (medial premammillary nucleus),
which is thought to be involved in both male and female
sexual behaviors (Figure 6A; Meisel and Sachs, 1994;
Pfaff et al., 1994).
Although the VMHvl and PMV each contained numer-
ous BL+ neurons, no GnRH fibers were seen in either
area, suggesting that these neurons were presynaptic
to GnRH neurons. In contrast, the MPN contained many
GnRH+ fibers, suggesting that many or all of the BL+
neurons in this area were postsynaptic to GnRH neu-
rons, a configuration by which GnRH neurons could po-
tentially affect male sexual behavior.
To investigate whether signals transmitted to GnRH
neurons by the VMHvl and PMV are excitatory versus
inhibitory, we used double immunofluorescence to de-
termine whether BL+ neurons in these areas expressed
the excitatory neurotransmitter, glutamate, or the inhib-
itory neurotransmitter, GABA. GnRH neurons have re-
ceptors for both of these neurotransmitters (Spergel et
al., 1999). Many of the BL+ neurons in both the VMHvl
and PMV were costained for the neuronal glutamate
transporter EAAC1 (Simmons and Yahr, 2003), a marker
of glutamatergic neurons (Figure 6C). In contrast, none
were costained with antibodies against the 67 kDa iso-
form of GABA decarboxylase (GAD67), an enzyme used
in GABA synthesis (Erlander et al., 1991). These results
suggest that both the PMV and VMHvl contain a large
number of neurons that transmit excitatory signals to
GnRH neurons and thus may enhance neuroendocrine
status and/or sexual behaviors.
Numerous Brain Areas Communicate
with GnRH Neurons
In these studies, subsets of BL+ neurons were found in
a total of 53 different brain areas, many with no known
link to odor or pheromone processing or sexual beha-
vior (Figure 3; Table 1). It appears that neurons in at
least 26 brain areas transmit signals to GnRH neurons.
These include BL+ neurons in 19 brain areas that lacked
GnRH+ fibers and another seven areas that contained
GnRH+ fibers, but in which some BL+ neurons were lo-
cated at a considerable distance from the fibers (more
than w250 m away). Some of these areas are likely to
provide additional sensory information to GnRH neu-
rons, such as areas that process inputs from multiple
sensory modalities (BSTS, BSTLV) and areas that carry
information about body posture (MveMC) or oral-facial
sensations (Sp5O). Other areas may transmit informa-
tion to GnRH neurons about the animal’s state of
arousal (PNO/PNC; Jones, 1995) or reward (nucleus ac-
cumbens). GnRH neurons also appear to receive inputs
from a number of different areas of the hypothalamus,
a complex structure known to control a wide variety of
basic drives, hormone systems, autonomic responses,
and instinctive behaviors (Simerly, 1995; Swanson,
2000a, 2000b). These results indicate that GnRH neu-
rons integrate information about the general state of
the body as well as the external environment, and that
multiple different factors can impact GnRH neurons and
thereby influence reproductive status.
p
o
a
a
r
v
1
g
t
r
a
c
c
S
T
a
a
b
d
b
t
c
m
s
1
a
e
s
V
t
w
V
s
t
t
t
G
a
w
b
s
i
w
B
o
n
G
b
t
D
G
d
a
h
a
tIn 34 brain areas, BL+ neurons were seen in close
roximity to GnRH+ fibers, suggesting that some or all
f those neurons were postsynaptic to GnRH neurons
nd receive signals from them. Among these were
reas of the hypothalamus that control circadian
hythm (SCN), appetite (LH, ARC), or defensive beha-
ior associated with fear and aggression (DMH; Simerly,
995), an area of the pallidum involved in motor pro-
rams (e.g., locomotion) (VP), and several areas of the
halamus, a structure that relays information to the ce-
ebral cortex. These results indicate that GnRH neurons
re likely to influence a large variety of functions, in-
luding basic drives, instinctive behaviors, and higher
ortical processes.
exual Dimorphism in GnRH Neural Circuits
o compare GnRH neural circuits in male and female
nimals, we examined the locations of BL+ neurons in
ligned digital photographs of sections through the
rains of four male and four female BIG mice. We also
etermined the number of BL+ neurons in individual
rain areas in every fifth section through the brains of
hree animals of each sex.
These analyses revealed that some GnRH neural cir-
uits are sexually dimorphic. Males had about twice as
any BL+ neurons in three brain areas associated with
exual behaviors: the BSTMPM, PMV, and MPN (Table
). Conversely, in two subareas of the VMH, the VMHc
nd VMHdm, the numbers of BL+ neurons in females
xceeded those in males by about 16- and 9-fold, re-
pectively. Given the absence of GnRH+ fibers in the
MHc and VMHdm, these BL+ neurons are likely to
ransmit signals to GnRH neurons. Unlike the VMHvl,
hich is associated with female sexual posturing, the
MHc and VMHdm have not previously been linked to
exual behavior. However, these findings suggest that
he BL+ neurons in these subareas play a unique role in
he modulation of GnRH neurons, and therein reproduc-
ion, in female animals.
With the exception of these few sexual dimorphisms,
nRH neural circuits appear to be strikingly similar
mong both male and female BIG mice. BL+ neurons
ere consistently found in the same areas in mice of
oth sexes (Table 1). Moreover, there was a marked
imilarity among animals in the number of BL+ neurons
n individual brain areas (Table 1).
These studies indicate that GnRH neurons synapse
ith w25–27 thousand neurons in each hemisphere.
ased on the locations of GnRH fibers, at least 5000
f these neurons appear to be presynaptic to GnRH
eurons. Thus, in both males and females, 800 or so
nRH neurons communicate with about 50,000 other
rain neurons, at least 10,000 of which are likely to
ransmit modulatory signals to GnRH neurons.
iscussion
nRH neurons are the master regulators of repro-
uctive neuroendocrine status in mammals and are
lso implicated in sexual behaviors. To gain insight into
ow pheromones influence reproductive physiology
nd behavior, we used a genetic transneuronal tracer
o define subsets of brain neurons that synapse with
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691Figure 6. Sexual Dimorphism in GnRH Neu-
ral Circuits
(A) BL immunostaining in coronal sections
through four brain areas implicated in sexual
behavior: the VMH, PMV, MPN, and
BSTMPM. The periphery of each area is indi-
cated in red. BL+ neurons are seen in each
of the four areas. Abbreviations are as in Fig-
ure 3. Scale bars, 100 m.
(B) BL immunostaining in coronal sections
through the VMH and MPN in male (left) and
female (right) BIG mice. BL+ cells are seen in
all three subdivisions of the female VMH
(DM, C, VL), but primarily in the VL subdivi-
sion in the male. In contrast, more BL+ cells
are seen in the male than female MPN, an
area involved in male sexual behavior. Scale
bars, 100 m.
(C) Double immunofluorescence staining for
BL (red) and EAAC1 (GLU) (green) in coronal
sections through the PMV and VMHvl. Many
of the BL+ neurons in these two upstream
areas (a few indicated by arrowheads) are
double labeled (yellow) in merged images,
suggesting that they transmit excitatory sig-
nals to GnRH neurons. Scale bars, 20 m.
Cell
692GnRH neurons. The relative locations of the connected
neurons and axons containing GnRH peptide allowed
prediction of whether the connected neurons were pre-
synaptic or postsynaptic to GnRH neurons. These
studies suggest that GnRH neurons receive pheromone
signals from both odor- and pheromone-relay areas in
the brain and may also receive information about com-
mon odorants. Bidirectional contacts are evident in
these connections, suggesting that GnRH neurons also
modulate odor- and pheromone-signal processing. It is
apparent that GnRH neurons also communicate with a
large number and variety of other brain areas, including
areas involved in sexual behavior. Through these con-
nections, GnRH neurons appear poised to integrate in-
formation from multiple sources and then influence di-
verse functions to optimize reproductive success.
Pheromone Signaling to GnRH Neurons
by Odor and Pheromone Relays
These studies indicate that there are direct synaptic
connections between GnRH neurons and brain areas
that process pheromone signals from the VNO as well
as those that relay odor signals generated in the OE.
Based on the locations of BL+ neurons versus GnRH+
fibers in BIG mice, it appears that some of the BL+ neu-
rons in both odor- and pheromone-processing areas
transmit signals directly to GnRH neurons. These in-
clude areas that contained BL+ neurons, but not GnRH
fibers (PMCO, PPC, EN) and areas in which some BL+
neurons had no GnRH fibers in their vicinity (MEA,
ACO). Notably, only a subset of neurons in each of
these areas was BL+. This raises the possibility that in-
dividual areas contain multiple subpopulations of neu-
rons that transmit information to different downstream
targets. In the case of the vomeronasal amygdala
(MEA, PMCO), which relays information from the AOB
to the hypothalamus, potential downstream targets
might include neurons that mediate aggressive re-
sponses stimulated by some pheromones.
In these studies, pheromones that alter reproductive
physiology induced c-Fos in BL+ neurons in both odor-
and pheromone-relay areas, suggesting that GnRH
neurons receive pheromone signals via both the main
and accessory olfactory systems. Interestingly, neither
a single pheromone nor a likely source of multiple pher-
omones (soiled bedding) induced c-Fos in all BL+ neu-
rons that appeared to be presynaptic to GnRH neurons
in these areas. This implies that GnRH neurons and
thus neuroendocrine status are modulated by other
chemosensory cues beyond those tested here. Surpris-
ingly, clean bedding induced c-Fos in BL+ neurons that
appeared to be presynaptic to GnRH neurons in one
olfactory relay (V/EN), suggesting that GnRH neurons
receive information not only about pheromones but
also common odorants. Using the methods employed
here, it should be possible in future studies to gain in-
sight into the spectrum of pheromone and odor cues
that can influence GnRH neurons. One intriguing possi-
bility is that some BL+ neurons upstream of GnRH neu-
rons transmit excitatory signals to GnRH neurons
whereas others transmit inhibitory signals, a scenario
that could potentially explain the enhancing versus
suppressing effects of different pheromones on neuro-
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tndocrine status. The effects of common odorants on
euroendocrine status and sexual behavior also remain
o be explored.
Pheromones induced c-Fos not only in BL+ neurons
ut also in BL− neurons in odor- and pheromone-relay
reas. While the BL−/c-Fos+ neurons in the olfactory
ortex might be involved in the perception of phero-
ones as “odors,” this is unlikely to be the case for
hose in the vomeronasal amygdala, which, unlike the
ortex, does not relay signals to higher cortical areas
hought to mediate odor perception. Instead, signals
rom the vomeronasal amygdala are sent to the hypo-
halamus, a structure that controls numerous basic
rives, instinctive behaviors, and autonomic and en-
ocrine responses. This raises the possibility that BL−/
-Fos+ neurons in the vomeronasal amygdala transmit
heromone signals to hypothalamic neurons that con-
rol other functions, such as sexual behaviors or the
oordination of other facets of the animals’ physiology
r behavior with the neuroendocrine responses of
nRH neurons.
These studies provide insight into observations that
emoval of the VNO eliminates neuroendocrine responses
o some pheromones but only reduces responses to
thers, suggesting an involvement of the main olfactory
ystem (Meredith, 1998; Halpern and Martinez-Marcos,
003). Studies in hamster have suggested that involve-
ent of the OE might derive from MOB inputs to the
omeronasal amygdala (MEA; Meredith, 1998). How-
ver, the present studies suggest that OE-derived pher-
mone signals are also transmitted directly to GnRH
eurons from the olfactory cortex, the main target of
OB signals, or the V/EN, which receives input from
he olfactory cortex.
eedback Loops from GnRH Neurons
o Odor and Pheromone Relays
hese studies further indicate that there is bidirectional
ommunication between GnRH neurons and both odor-
nd pheromone-relay areas. GnRH fibers were seen
ear some BL+ neurons in one area of the vomeronasal
mygdala (MEA) and in two areas of the olfactory cor-
ex (APC, ACO), suggesting that some of the BL+ neu-
ons in these areas receive direct synaptic input from
nRH neurons.
These results imply that, in addition to being influ-
nced by pheromones and common odorants, GnRH
eurons may themselves modulate the processing and/
r transmission of pheromone and possibly odor sig-
als. The presence of feedback loops between GnRH
eurons and pheromone-relay areas suggests that the
fficacy of pheromonal signaling to reproductive neural
ircuits or neural circuits that govern other pheromone
ffects may be regulated by GnRH neurons in accor-
ance with the reproductive status of the animal. The
resence of bidirectional contacts between GnRH neu-
ons and odor-processing areas further suggests that
nRH neurons, and thus neuroendocrine status, can
odify the effects of some chemosensory signals on
he animal’s perception or behavior. One intriguing
uestion raised by these findings is whether GnRH neu-
ons can influence the processing of odor signals and
hus dampen or enhance the perception of certain
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693odors. Further characterization of the odor versus pher-
omone responsiveness of olfactory cortical neurons
postsynaptic to GnRH neurons should provide insight
into this question, as should studies as to whether
GnRH neurons enhance or suppress the responsive-
ness of cortical neurons to odorants.
GnRH Neurons and Sexual Behavior
Certain brain areas have been implicated in sexual be-
havior by studies that lesioned or stimulated specific
brain regions or used traditional anatomical tracing
methods to uncover connections between different
brain regions (Simerly, 2002). The present studies re-
vealed direct contacts between GnRH neurons and
subsets of neurons in several of these areas. In addition
to the MEA and BSTMPM, which relay pheromone sig-
nals, these include three areas of the hypothalamus:
one involved in female sexual posturing (VMHvl), one
associated with male sexual behaviors (MPN), and one
thought to be important in both male and female sexual
behaviors (PMV; Meisel and Sachs, 1994; Pfaff et al.,
1994).
The VMHvl and PMV lacked GnRH+ fibers, suggest-
ing that the BL+ neurons in these areas transmit signals
to GnRH neurons. Our results indicate that many of
these neurons express the neurotransmitter glutamate,
further suggesting that they transmit excitatory signals
to GnRH neurons that may enhance neuroendocrine
status. In contrast, the MPN contained many GnRH+
fibers, suggesting that many or all BL+ neurons in this
area receive synaptic input from GnRH neurons. Given
the MPN’s role in male sexual behaviors and observa-
tions that brain injections of GnRH peptide stimulate
those behaviors, it may be that BL+ neurons in the MPN
respond to GnRH peptide released by presynaptic
GnRH fibers and are directly involved in male sexual
behavior.
The PMV and MPN both exhibited sexual dimorphism
in their connections with GnRH neurons, with males
having about twice as many BL+ neurons as females.
While the sexual dimorphism in BL+ neurons seen in
the MPN and PMV correlates with the larger sizes of
those areas in males, males and females had similar
numbers of BL+ neurons in another area that is larger
in males, the MEA (Simerly, 2002). Thus, size differ-
ences do not necessarily translate into differences in
the sizes of all neuronal subsets within a structure, even
if those subsets appear to be involved in reproduction.
The present studies also identify as being sexually
dimorphic two subareas of the VMH (VMHc and
VMHdm), neither of which was previously known to be
sexually dimorphic or involved in reproduction. These
subareas had 9- to 16-fold more BL+ neurons in fe-
males than males. All of these neurons appear to be
presynaptic to GnRH neurons, suggesting that they
play roles in reproduction that are unique to females.
Future molecular studies of neuromodulators and neu-
romodulator receptors expressed by these and other
BL+ neurons in sexually dimorphic areas may shed light
on signaling molecules that control neuroendocrine
status and sexual behavior in mammals.GnRH Neurons as Integrators and Modulators
These studies revealed that GnRH neurons have direct
communication with a remarkably large number of
brain areas with diverse functions. Though they number
only w800, GnRH neurons appear to have synaptic
contacts with about 50,000 neurons in 53 different brain
areas. With the exception of the sexually dimorphic
connections already discussed, the locations of BL+
neurons and their numbers in individual brain areas
were both strikingly similar among animals, regardless
of sex.
It appears that GnRH neurons integrate a variety of
information about the internal state of the animal and
its external environment. At least 10,000 neurons in 26
different brain areas appear to transmit signals directly
to GnRH neurons. Among these are areas involved in
odor and pheromone processing, sexual behavior,
arousal, reward, and other functions. This suggests that
GnRH neurons are poised to modulate reproductive
physiology and behavior in accordance with the overall
state of the animal.
These studies also indicate that GnRH neurons are
likely to influence numerous brain functions. They ap-
pear to transmit signals to as many as 30,000 or more
neurons in 34 brain areas, consistent with previous
studies showing GnRH+ fibers and GnRH receptors in
multiple brain regions (Badr and Pelletier, 1987; Jennes
et al., 1988; Jennes et al., 1997). BL+ neurons likely to
receive synaptic input from GnRH neurons were seen
in areas associated with numerous different functions,
including odor and pheromone processing, sexual be-
havior, appetite, defensive behavior, motor programs,
and the relay of information to higher cortical areas.
These results may reflect a strategy wherein GnRH neu-
rons can modify diverse functions in order to coordi-
nate the internal state of the animal and its behavior
with reproduction in order to optimize reproductive
success.
Experimental Procedures
Preparation of BIG Mice
A 5# fragment of the mouse Gnrh1 gene (−3446 to +23) provided
by Dr. James Roberts was fused to a truncated barley lectin cDNA
(Horowitz et al., 1999) followed by an IRES element (Zou et al.,
2001) and then GFP coding sequence (from pIRES2-EGFP, Clon-
tech). After release from the vector by restriction enzyme digestion,
the transgene was injected into pronuclei from C57BL/6J mice
using standard procedures. Southern blotting and PCR confirmed
integration of the transgene. Transgenic mice were maintained in a
pure C57BL/6J background.
Immunohistochemistry
Mice were perfused transcardially with 4% paraformaldehyde (fixa-
tive). Their brains were then soaked in fixative for 2 hr, in 30% su-
crose for 48 hr, and then frozen in OCT and cut into 14 m sections
with a cryostat (Zou et al., 2001). Brain sections were treated with
goat anti-wheat germ agglutinin (WGA) antibodies (which recognize
BL) (Vector; 0.8 g/ml; 2 hr; room temperature [rt]) and then with
biotinylated anti-goat IgG (Vector; 0.8 g/ml; 1 hr). Sections were
then treated according to manufacturer’s instructions with compo-
nents of the TSA (NEN) and ABC and DAB (Vector) kits. Mouse anti-
GnRH antibody (Sternberger) was used at 1:500 (2 hr; 37°C) and
visualized using the M.O.M peroxidase kit (Vector) according to the
manufacturer’s instructions. Rabbit anti-GFP antibodies (Molecular
Probes) were used at 1:200 (2 hr; 37°C), followed by biotinylated
Cell
694anti-rabbit antibodies at 1:500 (1 hr; rt), and then ABC and DAB kit
components (all from Vector).
Immunofluorescence
Brain sections (see above) were treated with goat anti-WGA anti-
bodies (see above) (0.8 g/ml; 4°C; 12–16 hr) followed by biotin-
ylated horse anti-goat IgG (Vector; 0.8 g/ml; 1 hr) and then treated
according to manufacturer’s instructions with components of the
TSA kit (Perkin Elmer). Sections were then incubated with streptavi-
din-Alexa 488 or 546 (Molecular Probes; 4 g/ml; 30 min; rt) and
then treated with one or a combination of the following antibodies:
(1) mouse anti-glutamate decarboxylase 67 kDa isoform (Chemi-
con; 1:600; 2 hr; 37°C) followed by Cy3-donkey anti-mouse Ig (1 hr;
rt); (2) rabbit anti-glutamate transporter EAAC1 (Alpha Diagnostics;
1:200; 2 hr; 37°C) followed by Alexa 488-donkey anti-rabbit Ig (1 hr;
rt); (3) mouse anti-GnRH (Sternberger; 1:500; 2 hr; 37°C) followed
by Cy5-donkey anti-mouse Ig (1 hr; rt); (4) rabbit anti-GFP (Molecu-
lar Probes; 1:200; 2 hr; 37°C) followed by Cy3-donkey anti-rabbit Ig
(Jackson Labs; 1 hr; rt); (5) rabbit anti-c-Fos (Santa Cruz; 1:300; 2
hr; 37°C) followed by Cy3-donkey anti-rabbit Ig (Jackson Labs; 1
hr; rt). All secondary antibodies were used at 1:500–1:1000. Slides
were coverslipped with Vectashield mounting medium containing
DAPI (Vector).
In Situ Hybridization
Brains were frozen in OCT, and 14 m coronal cryostat sections
were hybridized to digoxigenin-labeled cRNA probes at 56°C, as
previously described (Zou et al., 2001). The BL probe was gener-
ated from the BL-coding region of pLH8-2 (Horowitz et al., 1999).
After hybridization, sections were washed twice in 0.2× SSC at
72°C for 30 min, incubated with anti-DIG-peroxidase (Roche;
1:1000) at 37°C for 2 hr, and then treated with components of the
TSA, ABC, and DAB kits (see above) according to manufacturer’s
instructions.
Data Analyses
Each brain was sectioned from the anterior tip of the olfactory bulb
to the brain stem, and whenever possible, all the sections were
collected. Positions of a few missing sections were carefully re-
corded to accurately estimate anterior-posterior distances from the
section numbers. Initially, three male and three female 3-month-old
littermates were analyzed with BL, GnRH, and GFP stainings on
adjacent sections throughout the brain. Wild-type C57/BL6J mice,
wild-type littermates of the transgenic mice, and Pomp-BL (Horo-
witz et al., 1999) transgenic mice of the same age were treated the
same way as transgenic mice and were used as controls through-
out the studies. Brain structures were identified microscopically
and in digital photos using a mouse brain atlas (Franklin and Pax-
inos, 1997).
Pheromone Exposure
Female mice were placed singly in an isolated chamber with input
and output ports, exposed to charcoal-filtered air for 16 hr, to fil-
tered air bubbled through a 5% solution of α-farnesene (Bedou-
kian) in dimethyl sulfoxide (DMSO) or to DMSO alone twice for 1
min separated by 5 min., and then to filtered air for 1 hr (Zou et al.,
2005). Individual male mice were placed in a cage containing fe-
male-soiled bedding (a cage previously occupied by female mice
for 3 days) or in a cage containing clean bedding for 1.5 hr. The
mice were subsequently perfused with fixative as described above.
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